We sought to determine the relationship of fibroids to pregnancy loss in a prospective cohort in which fibroid status was uniformly documented in early pregnancy. Participants had an intake interview, transvaginal ultrasonography, computer-assisted telephone interview, and follow-up assessment of outcomes. We recruited diverse participants for the Right From the Start study from 8 metropolitan areas in 3 states in the United States during 2000-2012. Participants were at least 18 years of age, trying to become pregnant or at less than 12 weeks' gestation, not using fertility treatments, fluent in English or Spanish, and available for telephone interviews. Miscarriage was defined as loss before 20 weeks' gestation. Fibroid presence, number, type, and volume were assessed using standardized ultrasonography methods. We used proportional hazards models to estimate associations. Among 5,512 participants, 10.4% had at least 1 fibroid, and 10.8% experienced a miscarriage. Twenty-three percent had experienced a prior miscarriage and 52% prior births. Presence of fibroids was associated with miscarriage in models without adjustments. Adjusting for key confounders indicated no increase in risk (adjusted hazard ratio = 0.83, 95% confidence interval: 0.63, 1.08). No characteristic of fibroids was associated with risk. Prior evidence attributing miscarriage to fibroids is potentially biased. These findings imply that surgical removal of fibroids to reduce risk of miscarriage deserves careful scrutiny.
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We sought to determine the relationship of fibroids to pregnancy loss in a prospective cohort in which fibroid status was uniformly documented in early pregnancy. Participants had an intake interview, transvaginal ultrasonography, computer-assisted telephone interview, and follow-up assessment of outcomes. We recruited diverse participants for the Right From the Start study from 8 metropolitan areas in 3 states in the United States during [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . Participants were at least 18 years of age, trying to become pregnant or at less than 12 weeks' gestation, not using fertility treatments, fluent in English or Spanish, and available for telephone interviews. Miscarriage was defined as loss before 20 weeks' gestation. Fibroid presence, number, type, and volume were assessed using standardized ultrasonography methods. We used proportional hazards models to estimate associations. Among 5,512 participants, 10.4% had at least 1 fibroid, and 10.8% experienced a miscarriage. Twenty-three percent had experienced a prior miscarriage and 52% prior births. Presence of fibroids was associated with miscarriage in models without adjustments. Adjusting for key confounders indicated no increase in risk (adjusted hazard ratio = 0.83, 95% confidence interval: 0.63, 1.08). No characteristic of fibroids was associated with risk. Prior evidence attributing miscarriage to fibroids is potentially biased. These findings imply that surgical removal of fibroids to reduce risk of miscarriage deserves careful scrutiny.
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Although up to 1 in 5 women of reproductive age has uterine fibroids (1-3), little is known about the consequences of fibroids in pregnancy (4, 5) . Fibroids have been reported to increase risk of miscarriage by approximately 60% (6) (7) (8) (9) (10) (11) (12) , with some estimates of risk as much as 3-fold greater (13) . Excluding studies of patients seeking fertility treatment, risk estimates have come from retrospective studies with participants selected from prenatal care or ultrasonography clinics. Most are limited by enrollment later in gestation than many miscarriages occur and by the predominance of participants from tertiary care centers, often with a history of infertility, high-risk pregnancy, or both (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Methods used to assign fibroid status have included physical exam, participant selfreport, birth certificates, and ultrasound databases not intended to uniformly identify all fibroids.
Imaging protocols also need updating. The ultrasonography criteria that were originally used to define the presence of a fibroid for research were established in the 1980s at the advent of obstetric ultrasonography and required the structure being identified to measure 3 cm or greater in mean diameter (22) . Some studies have continued to use size requirements well above those routinely measured in clinical care with conventional ultrasonography equipment even though smaller fibroids are readily identifiable as a result of advances in ultrasonography technology (23) (24) (25) (26) . Updating the research definition to include smaller fibroids reduces misclassification of fibroid status and allows better assessment of the relationship between fibroid characteristics and pregnancy outcomes.
To advance understanding of the influence of fibroids on pregnancy, we sought to recruit participants who better represented the general population, to do so early in pregnancy or while participants were planning a pregnancy, and to document the presence or absence of fibroids uniformly by imaging all women. We prospectively enrolled women planning pregnancies or in early pregnancy from selected areas in 3 states using recruitment from the community. All had standardized research ultrasound examinations that included systematic repeated measurement of all fibroids. Specifically we aimed to determine whether the presence of 1 or more fibroids of 0.5 cm or greater in maximum diameter was independently associated with increased risk of miscarriage. We also assessed whether fibroid type, size, number, or total volume modified risk.
METHODS

Study population
With institutional review board approval, we used multiple methods to recruit women early in pregnancy or planning to become pregnant for Right From the Start: A Study of Early Pregnancy Health. Participants were recruited from 8 metropolitan areas in 3 states: Chapel Hill, Durham, and Raleigh in North Carolina; Galveston, Texas; and Knoxville, Memphis, Chattanooga, and Nashville in Tennessee (27) . Recruitment materials were circulated through businesses, community groups, paid advertising, and direct mail, among other methods. Private practices that provide prenatal care and public clinics also helped inform patients. Interested women called a toll-free number and were screened for eligibility: aged 18 years or older, planning to live in the study area for 18 months, trying to become pregnant or pregnant less than 12 weeks' completed gestation from last menstrual period, no use of fertility treatments, and fluency in English or Spanish, with access to a telephone for interviews. Pregnant women were enrolled after providing their last menstrual period date and date of first positive pregnancy test. Those trying to become pregnant were "pre-enrolled" and provided with free pregnancy test kits for up to 6 months. When they conceived, they were formally enrolled in the study.
At enrollment, participants provided basic demographic information and baseline data about selected risk factors for adverse pregnancy outcomes. Participants were later contacted by telephone for an extensive interview about potential influences on pregnancy, including prior reproductive history, medical history, symptoms and events during the current pregnancy, health behaviors (caffeine, tobacco, and alcohol use), medication and supplement use, and physical activity. The interview was completed at a mean gestational age of 12.2 (standard deviation, 3.1) weeks. Two-hundred eightfive (5.2%) women did not finish the first-trimester interview and had missing information for some covariates. Among them, 196 (69%) had live births, 1 (<1%) had a stillbirth, 39 (14%) had miscarriages, and 49 were censored (17%).
Transvaginal ultrasonography was scheduled at a research ultrasonography site to assess embryonic development and systematically examine the uterus for fibroids. The fibroid measurement protocol required 3 separate sets of measurements of each fibroid. Each set documented 3 perpendicular diameters.
Multiple images of each fibroid with caliper markings of each diameter were recorded and a fibroid map completed. The map indicated the location of the fibroid in the uterus (cervix, corpus, fundus) and type of fibroid. Type was defined using mutually exclusive categories (submucous: any fibroid in contact with or distorting the uterine cavity without identifiable myometrium between the fibroid and the endometrium; subserous: distorting the external contour of the uterus; intramural: within the myometrium, neither distorting contour nor cavity; and pedunculated: attached to the uterus with an identifiable stalk). Study sonographers had 5 or more years of experience in obstetric ultrasonography, and images were reviewed by one of 2 obstetrician investigators masked to outcome.
A follow-up telephone interview was conducted or paper form returned at 20-25 weeks of pregnancy to update pregnancy status, acquire additional pregnancy information, confirm site(s) of clinical care, and to confirm the intended birth hospital. Pregnancy losses were generally identified by a participant call to the study office or at times by self-report during the first-trimester interview. Medical record review was conducted for all losses. Ongoing pregnancies had review of birth records and/or confirmation of birth greater than 20 weeks through vital records.
Self-report of pregnancy onset has been documented to be reliable for this population with a mean and median difference in gestational age of less than 1 day between estimates from dating by last menstrual period and ultrasound (28) . We classified pregnancies with loss at less than 20 weeks' gestation as miscarriages. The comparison group consisted of women who had births or censoring dates beyond 140 days' gestation. The distribution of gestational age for participants at the time of key study events is illustrated in Figure 1 .
We enrolled a total of 6,105 pregnancies. This analysis is limited to the participants' first participation if she enrolled for more than 1 pregnancy. We excluded women with induced abortions and ectopic pregnancies. We had data from 5,512 pregnancies for analysis ( Figure 2 ).
Our initial power calculations projected an increase in miscarriage risk and planned for a smaller study. With 3,300 participants and 10% anticipated to have fibroids, we had 85% power with α = 0.05 for a minimum detectable relative risk of 1.27 for an association of fibroids with miscarriage. We continued to collect ultrasound measurements of fibroids into subsequent phases of Right From the Start to enhance the precision of estimates.
Analytic methods
We used Cox proportional hazards survival models to characterize pregnancy loss in association with the presence of fibroids. Models adjusted for left truncation, allowing us to correctly estimate risk of miscarriage, conditioning on the fact that each subject had not had pregnancy loss before entering the cohort (29) . For this analysis, women were followed, tracking days from enrollment through 20 weeks' gestation, the occurrence of a pregnancy loss, or loss to follow up, whichever came first.
Potential confounding factors consisted of known and suspected influences on miscarriage, including maternal age, race/ethnicity, smoking, alcohol use, caffeine consumption, vitamin use, first-trimester progesterone use, diabetes status, first-trimester body mass index (BMI), prior termination of pregnancy, parity, marital status, maternal education, maternal employment status, household income, calendar year of conception, and study site. Restricted cubic splines with 4 knots (at 0.05, 0.35, 0.65, and 0.95 quantiles) were applied to allow for a nonlinear relationship of the subjects' age and BMI (at study entry) with miscarriage risk (30) . Confounders that resulted in at least a 10% change to the associations between fibroids and miscarriage were included in final models. Potential effect modification by age, BMI, smoking status, and race/ethnicity was assessed separately with a likelihood ratio test but not found (P > 0.3). Age and BMI were treated as continuous variables to evaluate effect modification. Using a Cox proportional hazards model, we generated adjusted hazard ratios for presence compared with absence of fibroids, fibroid number (none (referent), 1, ≥2), fibroid type (none (referent), any submucous, any intramural, any subserous), total fibroid volume (none (referent), first quartile (0.003-0.922 cc), second quartile (0.922-4.608 cc), third quartile (4.608-19.729 cc), and fourth quartile (19.729-987 .229 cc)), and largest fibroid diameter (none (referent), first quartile (0.51-1.36 cm), second quartile (1.36-2.35 cm), third quartile (2.35-3.62 cm), and fourth quartile (3.62-13.20 cm)), with 95% confidence intervals. Assumptions of proportional hazards were met.
We conducted sensitivity analyses adjusting for demographic, behavioral, and socioeconomic factors in various regression models. We also conducted a sensitivity analysis adjusting for prior history of miscarriage in our final regression model. All analyses were repeated excluding the women whose last contact was prior to 20 weeks of gestation and who were thus censored in the full models at time of last contact with a viable pregnancy. A total of 375 women had missing data for the covariates included in model adjustments. We performed multiple imputation with 5 imputed data sets to impute missing covariates based on demographic factors, outcome status, and other covariates potentially associated with missing data.
We conducted 2 sets of sensitivity analyses including the 237 women without ultrasounds in the regression models. First, we performed multiple imputation of 5 data sets to assign fibroid status based on both demographic factors and outcome status. Second, we assessed the possibility that women with a pregnancy loss disproportionally missed the ultrasonography visit. For the 105 women with pregnancy loss and unknown fibroid status, we randomly assigned a probability of having at least 1 fibroid of 26.6%-twice the probability among women with losses in the cohort. For the remaining 132 women with unknown fibroid status, we randomly assigned a probability of having at least 1 fibroid of 10.5%-the same probability as in the cohort. Generated data were combined and analyzed with those whose fibroid status was known. We repeated this random assignment analysis 10 times to obtain average miscarriage risk and corresponding 95% confidence intervals. All analyses used R, version 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria), or STATA, version 13 (StataCorp LP, College Station, Texas). We used 2-sided tests with a significance level of 0.05 for all statistical inferences.
RESULTS
Of the women enrolled in Right From the Start during 2000-2012, 5,512 had complete ultrasound data: 571 (10.4%) had at least 1 fibroid, and 595 (10.8%) experienced miscarriage before 20 completed weeks' gestation. Forty-seven percent (n = 229) of miscarriages occurred by the end of the 10th week of pregnancy. In bivariate analysis, maternal age, black non-Hispanic race/ethnicity, greater educational attainment, higher household income, history of prior miscarriage, history of prior termination of pregnancy, higher BMI, and consumption of alcohol were associated with having at least 1 fibroid (Table 1) . Among women with fibroids, 29% had more than 1 ( Table 2) . The most common type was intramural (46%), followed by subserous (41%) and submucous (20%). Median fibroid diameter of the largest fibroid per woman was 2.3 cm (interquartile range, 1.4-3.6 cm). Median total fibroid volume per woman was 4.6 cc (interquartile range, 0.9-19.4 cc).
Models without adjustments of the association between the presence of any fibroid and miscarriage risk suggested a potential association (hazard ratio (HR) = 1.29, 95% confidence interval (CI): 1.02, 1.64) ( Table 2 ). After adjustment for maternal age, race/ethnicity, alcohol use, prior termination of pregnancy, and parity, the effect on risk was null (adjusted HR = 0.83, 95% CI: 0.63, 1.08), with most of the impact of adjustment due to the association of more advanced age with increased risk of fibroids and miscarriage. Our null findings were not influenced by timing of enrollment. Stratifying by whether participants enrolled prior to pregnancy (n = 1,454) or during early pregnancy (n = 4,058), the adjusted hazard ratios were 0.62 (95% CI: 0.37, 1.05) and 0.91 (95% CI: 0.66, 1.25), respectively, for the association of fibroids with miscarriage.
Increased risk of miscarriage by fibroid type was not supported by adjusted analyses (intramural, adjusted HR = 1.05, 95% CI: 0.75, 1.47; submucous, adjusted HR = 0.92, 95% CI: 0.56, 1.50). Effects of total fibroid volume and largest fibroid diameter from adjusted analyses also did not suggest increased risk (lowest quartile of total fibroid volume, adjusted HR = 1.23, 95% CI: 0.82, 1.83; lowest quartile of largestfibroid diameter, adjusted HR = 1.12, 95% CI: 0.74, 1.68) ( Table 2 ). All unadjusted associations between fibroid characteristics and miscarriage were explained by confounding.
Additional adjustment for prior history of miscarriage did not influence the association between the presence of fibroid and the risk of miscarriage (adjusted HR = 0.82, 95% CI: 0.63, 1.08). When we adjusted for common reproductive Abbreviations: CI, confidence interval; HR, hazard ratio. a Data for 207 subjects who were lost to follow-up before 20 weeks of gestation were not presented in the table, but they were included in the Cox regression models censored at the time of last known status.
b Multivariate Cox proportional hazards models adjusted for maternal age, race/ethnicity, alcohol use, history of prior termination of pregnancy, and parity.
epidemiology covariates in the models as part of sensitivity analysis, we found that after age and maternal race/ethnicity entered the models, few other covariates exerted notable influence on the estimate. All remained close to the null (Table 3) . Multiple imputation of missing covariates for 375 participants generated consistent results (data not shown).
Last, in formal sensitivity analyses, we included the 237 women who otherwise met criteria for this analysis but did not have ultrasound information. Having a fibroid was not associated with increased risk of miscarriage in multiple imputation analysis or when prevalence of having a fibroid was doubled among women who had a pregnancy loss and had unknown fibroid status (adjusted HR = 1.03, 95% CI: 0.81, 1.30).
DISCUSSION
In retrospective analyses of ultrasound databases and in tertiary care center studies, fibroids have been linked to pregnancy complications including miscarriage, preterm birth, growth restriction, placental abruption, postpartum hemorrhage, malpresentation, and unplanned cesarean (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Hypotheses about how fibroids harm pregnancies are often based on architectural explanatory models: fibroids distort the uterine cavity in ways that are hostile to the developing pregnancy, they prevent robust placentation, or their presence in the uterine wall causes abnormalities in uterine contractility that lead to complications. Our findings from a prospective, multicity, community-recruited cohort do not support the hypothesis that the presence of fibroids, including large fibroids or higher total fibroid volume, causes miscarriage.
Considerations
Before considering implications of our findings, let us first examine the degree of confidence we should have in the results. Our imaging and quality measures relied on experienced clinical sonographers implementing a research protocol, not on a limited pool of research sonographers. We used still images for 6 years. These may be inferior to real-time images or digital video clips subsequently obtained for secondary review. However, our findings were not changed when examining those time periods separately (data not shown). Likewise, although all sonographers had 5 or more years of experience in pelvic and obstetric sonography and perform thousands of clinical ultrasounds each year that require extreme precision-such as measurement of fetal nuchal fold thickness to assess risk of aneuploidy (in which fractions of millimeters change diagnostic categories)-mistakes were inevitably made in exact placement of calipers and in orientation of planes for measures. Such errors would be distributed across sonographers, who could not be aware of future pregnancy outcome and were therefore not likely to be systematically biased. Because sonographers were based at multiple sites, they were unlikely to have shared distinctive practice-based measurement styles that might create a consistent direction of bias as might occur if a small, colocated group made assessments. Comparing clinical sonography with magnetic resonance imaging in validation studies, measures are comparable with the exception that fibroids in a large uterus with multiple fibroids (greater than 4 fibroids) and large total volume are more accurately counted and individually measured using magnetic resonance imaging (23) . In this population of young participants with few fibroids, this is unlikely to be an important source of measurement error. Our analysis relied most on classification of fibroid size and location into broad categories that can be achieved with accuracy (24) (25) (26) .
We do not have a definitive mechanism to know whether fibroids were missed, although review of video surveys suggests that this was very rare. The net effect of errors in detection would be the misclassification of individuals as having fewer fibroids or as having no fibroids, meaning the associations we investigated could be diluted by such errors and may underestimate the influence of fibroids. Furthermore, in all imaging, misidentification is a concern. Smaller structures identified as fibroids might represent a focal myometrial contraction or an adenomyosis lesion rather than a uterine fibroid. Although risk of misidentification is low, we may not have been able to identify all such errors through review of still images. We implemented our protocol of repeated measures separated in time in order to increase the probability that the structure being reidentified and measured would indeed be a fibroid. To address the concern that focal contractions may be sustained for extended periods of time and could be more common in a uterus that was developing increased contractile activity prior to the onset of signs and symptoms of miscarriage, we conducted additional analyses and restricted the comparisons to women whose loss was more than 3, 5, or 7 days after ultrasonography, with comparable overall results (data not shown). We used medical records to document the fact and timing of 98.8% of losses. We do not have pathology reports for miscarriages. This prevents our assessing the chromosomal and developmental status of the losses. We have no theoretical concern that fibroids cause chromosomal abnormalities. The association of fibroids with advancing maternal age and of advancing age with risk of genetic abnormalities has been addressed through inclusion of age as a confounder in multivariable models, along with other covariates with similar relationships, namely race/ethnicity, parity, history of termination or pregnancy, and alcohol use.
This analysis may underestimate the association of fibroids with loss in 3 ways. One is that some women who had pregnancy losses did not return for ultrasonography after the loss, and their fibroid status is unknown (n = 105). If fibroids increase risk of miscarriage then women who did not have ultrasounds because of early loss are disproportionately likely to have had 1 or more fibroids, and our estimate of risk is biased towards the null. However, the association remained null in 2 sets of sensitivity analyses using multiple imputation.
A second scenario turns on reverse causality. If fibroid growth is promoted by the hormonal milieu of early pregnancy, it is theoretically concerning that failing pregnancies, with lower levels of some hormones, such as human chorionic gonadotropin or progesterone, might not experience comparable fibroid growth. This could mean some very small fibroids did not reach our measurement threshold in women with losses but did in healthy pregnancies. Because the lowest quartiles of size and volume are associated with point estimates above 1, we judge this is unlikely.
A third concern is that some reproductive time is not observed. Although women were enrolled in early pregnancy and provided with pregnancy test kits for early use, we note that our findings are relevant to recognized losses and do not assess time between implantation and first pregnancy testing. To examine this concern, our team has investigated time to conception in this cohort. We found that women with fibroids do not experience delay in conception (31) . Because losses before recognition are reflected in aggregate data as delays in time to conception, this supports the conclusion that fibroids are not associated with prerecognition reproductive failure.
Conclusions and implications
In summary, if the preponderance of structures identified by ultrasonography were uterine fibroids, and we accurately documented losses, our study indicated that the presence of 1 or more fibroids had no discernible effect on risk of miscarriage. This challenges common beliefs of women and care providers who are confident that presence of a fibroid, numerous fibroids, larger fibroids, or those located in crucial positions in the uterus are harmful. Current clinical wisdom purports that fibroids are a cause of miscarriage, and prominent professional organizations, such as the American Society of Reproductive Medicine endorse intervention (32) :
"The management of uterine fibroids depends on your physician's recommendation. In certain cases, surgery to remove the fibroids prior to conception can reduce a woman's chance of miscarriage by 50%."
However, several meta-analyses of trials, such as that by Metwally et al. (4, p. 1) for the Cochrane database in 2012 have concluded that there is:
"…no evidence for a significant effect of myomectomy for any of the described types of fibroids on the miscarriage rate."
Clinical trials are the appropriate vehicle for implicating or rejecting causality, although trials to address this question pose significant logistical challenges. Future trials might consider only a specific type of fibroid, such as submucous location, or a uterine characteristic, such as fibroids comprising greater than 50% of total uterine volume. But these studies must be approached with caution as effect size may be small and not applicable as a general principle of care. Until such answers are available for specific subpopulations of women, the data are insufficient to guide clinical care, and some common recommendations, such as myomectomy for large fibroids to enhance reproductive performance, should be reevaluated.
If fibroids harm early pregnancy, the mechanism is comparatively rare, and the net effect is such that we cannot counsel women that having fibroids may have led to a miscarriage. As we provide care for women known to have fibroids, it would be prudent to temper prior recommendations that encouraged surgical intervention in order to reduce miscarriage risk.
